Microscopy (SEM) analysis has been done to study the morphological changes. The occurrence of cross-linking is found to be the mechanism for ageing in gamma/electron beam irradiated SiR-EPDM blends.
Introduction
Ethylene Propylene Diene Monomer (EPDM) has a stable and saturated polymer backbone structure. Due to this, EPDM is found to have an excellent resistance to heat, oxidation, ozone and weather ageing. Silicone Rubber (SiR) is widely used for outdoor high voltage application. It has excellent dielectric properties coupled with high temperature stability. EPDM when added to SiR imparts good mechanical strength and outstanding resistance to attack by oxygen, ozone and weather (Brown, 1994) . Hence, the base polymer materials chosen were SiR and EPDM. Blending of these two polymers (SiR-EPDM) is an effective way to develop new material with improved characteristics. The newly formed blend may have good di-electric characteristics, thermal stability, improved mechanical strength and resistance towards polluted environment. Compounded alloys can have excellent electrical and mechanical properties due to the presence of EPDM and may be hydrophobic because of silicone content (Ehsani et al., 2004; Kole & Tripathy, 1994; Raja Prabu, Usa, Udhayakumar, Abdullah Khan, & Abdul Majeed, 2007) . The SiR-EPDM blend of 50:50 composition was prepared.
Electron beam (EB) radiation processing is widely used in wire and cable industries. EB processing offers some distinct advantages such as very fast processing, clean, precise control and no permanent radioactivity as the machine can be switched off. The high penetrating power of the electron beam allows the efficient curing/cross-linking of thick polymeric articles. The EB radiation process is practically free of waste products and hence there is no serious environmental hazard. Many researchers have investigated the effects of electron beam irradiation on electro-mechanical properties of various blends of the commonly used polymers (Bhat, 2005 , Bhowmick & Vijayabaskar, 2005 . But, the effect of electron beam irradiation on the SiR-EPDM blends was never reported.
Also many researchers have investigated the performance of gamma irradiated LDPE/EVA blend and Polyethylene (Banford & Fourace, 1999; Chung Lee, Kim, Ryu, & Lim, 2006; Du & Gao, 2009; Rajini & Udayakumar, 2006 . Also the effect of gamma irradiation on ethylene-octene polymers (Chipara, Grecu, Chipara, Ponta, & Reyes Romero, 1999) and the radiation induced degradation of NBR-EPDM rubbers (Roberto, Erin, Esther Martinez-Pardo, & Luna Zaragoza, 1999) have been reported. Most of the above researchers have taken dielectric strength and dielectric constant as the parameters for investigation. The effect of gamma irradiation on SiR-EPDM blend has never been reported.
So the SiR-EPDM blend was exposed to 25 Mrad dose of gamma and electron beam irradiation. The electrical properties like volume resistivity (VRY), surface resistivity (SRY) and mechanical properties like tensile strength (TS), elongation at break (EB) and hardness (H) of the virgin, gamma and electron beam irradiated blends were measured as per ASTM/IEC standards. The comparison of electro-mechanical properties of the blends with their base polymers was discussed in detail (Deepalaxmi, Balaji, & Rajini, 2013; Deepalaxmi & Rajini, May 2014; Deepalaxmi & Rajini, July 2014) . Since the objective of the present investigation is to identify the radiation induced changes in electro-mechanical parameter, the commonly used parameters like dielectric constant and dielectric strength are not considered.
The gamma/electron beam irradiation can cause macroscopic changes in the electrical/mechanical properties of this newly formed SiR-EPDM blend. The changes in electrical/mechanical properties may be due to some alterations in the chemical structure of SiR-EPDM blends. The nature of alteration may vary with respect to the irradiation dose. Hence it is essential to investigate the effect of gamma/electron beam irradiation upon the electro-mechanical properties of the SiR-EPDM blends. The functional groups responsible for the above changes may be investigated through one of the physicochemical investigation techniques like FTIR. The morphological changes of the virgin, gamma/electron beam irradiated samples of SiR-EPDM blends have been analyzed through the Scanning Electron Microscopy (SEM) analysis. To identify the elemental composition of the materials at the surface of virgin, gamma/electron beam irradiated samples of SiR-EPDM, Energy Dispersive X-ray Analysis (EDAX) analysis has been done.
Experimental

Materials
Commercially available SiR, EPDM were used for this research. SiR, EPDM and other additives were supplied by M/S Joy Rubbers, India.
Sample preparation
The SiR-EPDM blend was prepared using two roll mixing mill (Shoail make). The detailed sample preparation procedure was explained in (Deepalaxmi et al., 2013) .
Irradiation
Gamma irradiation
The Gamma irradiation of SiR-EPDM blend was carried out using 60 CO Gamma chamber facility available at Radiological Safety Division, Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam, Tamilnadu, India. The Gamma chamber has an irradiation volume of one litre with a dose rate of 3 KGy/hr. The applied dose was 25 Mrad.
Electron beam irradiation
The electron beam irradiation was carried out in air using an electron accelerator with a beam energy of 1.5 MeV (M/S Siechem Industries). The blend was exposed to 25 Mrad dose of electron beam radiation.
Three samples were exposed to the same dose and investigations were carried out. All the results presented in this paper, are the average of the three investigations made at the same conditions.
Characterization
The virgin, gamma and electron beam irradiated samples of SiR-EPDM blend have been characterized for their electrical and mechanical properties as per ASTM/IEC standards.
3.1.
Electro-mechanical characterization
Mechanical characterization
The virgin, gamma/electron beam irradiated samples of SiR-EPDM were tested for their mechanical characteristics. The tensile strength and percentage elongation at break were assessed by ASTM D-412, using universal testing machine (Make-Hounsfield). The test was carried out on dumb bell specimens at room temperature. Hardness was measured using Shore A Duo (Make-Durotech) as per ASTM 2240. The sample dimensions was 5 Â 5 Â 0.3 cm square shaped specimen.
Electrical characterization
The volume and surface resistivity of the virgin, gamma/ electron beam irradiated samples of SiR-EPDM were measured (as per ASTM D257) using a test cell along with mega ohm meter (Make Prestige Electronics). The sample size of 10 Â 10 Â 0.3 cm square shaped specimen was used for the measurement. The surface resistivity was measured by applying 500 V DC between main and guard electrode. The similar procedure was adopted for the volume resistivity also.
3.2.
Physico-chemical characterization
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR produces an infrared spectral scan of samples that absorb light. It provides the information about the chemical bonding or molecular structure of the materials. FTIR spectra of all the virgin, gamma/electron beam irradiated samples were obtained using IR spectrophotometer (Make Perkin Elmer) in the wave number ranging from 500 cm À1 to 4000 cm À1 .
Scanning Electron Microscopy (SEM) analysis
To study the micro surface changes of the virgin, gamma/ electron beam irradiated SiR-EPDM blends and the morphology of the surface, scanning electron microscope (Make HITACHI) is used . SEM analysis was done on a square shaped sample of size 1 Â 1 cm with a magnification of 5e3,00,000.
Energy Dispersive X-ray (EDAX) analysis
EDAX is used to determine the elemental composition of the materials at the surface. To understand the low molecular substances present at the surface, EDAX analysis of the virgin, gamma/electron beam irradiated samples has been done.
Results
The polymeric materials are sensitive to varying degrees of high energy and low energy radiation. The interaction of radiation with matter will result in the production of ions and excited states of molecules. This in turn may lead to the formation of the radicals. For example, they may experience different alterations in their structure such as simultaneous scission and cross linking, upon exposure to radiation. As a result, changes in their physical and/or chemical properties occur that could prematurely terminate the useful life of the dielectric before electrical failure. The type and the degree of damage experienced by a material due to radiation depend greatly on several factors, such as radiation type, dose and dose rate, presence of oxygen and high temperature etc. For high dose rate irradiation such as electron beam, oxidation effects are usually negligible due to the short exposure time. In contrast, more radicals are generated in the long time frame of low dose rate irradiation like gamma. For equivalent doses, gamma irradiation generates more radicals because of the additional time for the thermal decomposition.
4.1.
Effect of gamma/electron beam irradiation on SiR-EPDM blend Gamma/electron beam irradiation of polymeric materials may result in (a) Cross-linking (b) Chain scission (iii) Oxidation reaction. The cross-linking and chain scission reactions may modify the macromolecular chains of the material. The crosslinking corresponds to the formation of a covalent link between two adjacent macromolecules. The cross-linking results in the formation of a three dimensional network. Hence the mechanical properties are improved. The chain scission leads to the scissoning of macromolecular chains leads to deterioration. Oxidation leads to both chain scission and cross-linking which may result in the embrittlement of the CIM. These chemical transformations result in changes in the physical and mechanical properties of the polymers. Although these two effects may occur simultaneously, one plays a dominating role depending on the chemical structure of the polymer, radiation dose and overall experimental conditions. The loss of mechanical integrity may result in the loss of electrical integrity (IAEA-TECDOC-932).
4.2.
Effects on electrical parameters 
Effects of on mechanical parameters
Figs. 3 and 4 depict the variation of tensile strength and elongation at break for virgin, gamma irradiated and electron beam irradiated samples. The 13% and 25% improvement in TS is noticed in gamma irradiated and electron beam irradiated blends. The reason behind the higher TS value of the gamma irradiated one may be due to the predominant gamma induced cross-linking in it. The reduction in elongation to 50% of its absolute is considered as the failure criterion for an insulating material. It is generally accepted that 50% elongation after a Design Basis Event (DBE) test represents a material that is still in a functional state electrically with a satisfactory degree of margin before failure (IAEA TECDOC-932). From Fig. 4 , EB of gamma and electron beam irradiated SiR-EPDM blends are found to reduce with respect to their virgin. However those values are found to be greater than 50% absolute value.
4.4.
Effects on surface hardness The 2% and 11% reduction in hardness is noticed in the gamma irradiated and electron beam irradiated blends respectively. The hardness of gamma irradiated blend is higher than the electron beam irradiated one. This may be due to the predominant gamma induced cross-linking reaction in it.
At 25 Mrad dose of electron beam irradiation, cross-linking reaction predominates in the SiR-EPDM blend. It is validated by the increase in VRY and TS at 25 Mrad in it. The SRY of the electron beam irradiated blend was reduced when compared with gamma irradiated one. The cross-linking have been identified as a dominant ageing mechanism in SiR-EPDM blend for 25 Mrad dose of gamma irradiation. The cross-linking leads to decrease in elongation at break, increase in hardness and a slight increase in tensile strength. The sufficient enhancement in electrical properties (VRY, SRY) has been noticed for 25 Mrad dose of gamma irradiation. Also TS of the gamma irradiated blend were improved. The EB is greater than 50% absolute elongation value for both the radiation cases.
Discussion
Fourier Transform Infrared Spectroscopy (FTIR) analysis
The FTIR spectra have been obtained to identify the mechanism for the change in electrical and mechanical parameters of the SiR-EPDM blend after the gamma/electron beam irradiation. FTIR was employed to identify the chemical integrity of the blend as a function of gamma/electron beam irradiation doses. FTIR confirmed the formation of various new functional groups/chemical bonds after the gamma/electron beam irradiation. The effect of gamma/electron beam irradiation on the material is identified by comparing the various functional groups formed after ageing with that of the virgin ones. The FTIR spectra of the virgin, electron beam irradiated and gamma irradiated sample of SiR-EPDM blend is depicted in Fig. 6 (a)e(c) .
The dominant functional groups present in virgin, electron beam and gamma irradiated SiR-EPDM blends are given in Table 1 .
5.2.
Discussion on FTIR spectra of virgin and gamma/ electron beam irradiated SiR-EPDM blend It is inferred that VRY and SRY of the gamma irradiated blend has been improved. This is due to the increase in alcohol (OH) group content at 3436 cm À1 with 151% absorbance values. Also the gamma irradiated blend is found to have the increased SieH content. The TS of the gamma irradiated blend is improved. This is due to the availability of the new groups such as CeH (alkane, bending, strong) and SieOeSi group at wave numbers 1458 cm À1 and 1018 cm À1 with absorbance values of 22% and 19% respectively in it. Also the blend has larger C]C (alkene, stretch, variable) content at 1629 cm À1 with 32% absorbance. The gamma irradiated blend is found to have better EB (greater than 50% of their absolute elongation). This may be due to the increase in C]C alkene (stretch, variable) and CeH (alkane bending, strong)content in it. The 73% increase in VRY of electron beam irradiated blend is noticed. This may be due to increased cross-linking. This is proved by the appearance of new ]CeH (alkene, bending, strong) group at 673 cm À1 and CeH (alkane, bending, strong) group at 1416 cm À1 in with 11% and 16% absorbance respectively in FTIR spectra. The tensile strength of the electron beam irradiated blend is increased to 12.5%. It is validated by the corresponding decrease of 9% in SieH group at 2353 cm À1 . This is due to the predominating effect of the cross-linking reaction this is initiated by the electron beam irradiation. Also 81% increase in C]C (alkene, stretch, variable) group at 1621 cm À1 (when compared to virgin) has been noticed from FTIR spectra. Fig. 7 A1, B1 and C1 are the SEM micrographs of virgin, electron beam and gamma irradiated SiR-EPDM blends for a magnification of 500. Fig. 7 A2, B2 and C2 are the SEM micrographs of virgin, electron beam and gamma irradiated SiR-EPDM blends for a 4000 magnification It is inferred from Fig. 7 , that the surface of the virgin blend is found to be smooth. But the surface of gamma irradiated blend is slightly rough. The surface of electron beam irradiated blend is slightly better than gamma irradiated one.
SEM analysis of virgin and gamma/electron beam irradiated SiR-EPDM blends
5.4.
EDAX analysis of virgin and gamma/electron beam irradiated SiR-EPDM blends Fig. 8 (a)e(c) are the EDAX curves of virgin, electron beam and gamma irradiated SiR-EPDM blends. Table 2 gives the elemental composition of virgin, electron beam and gamma irradiated SiR-EPDM blends The increase in silicon content of the gamma irradiated blend is due to the availability of SieOeSi/Si CH 3 eCH 2 . The increase in carbon content is noticed in gamma as well as in electron beam irradiated blends. This is validated through the increase in CH 3 , CH 2 , CH group content in FTIR spectra. The reduction in oxygen content is noticed in both the irradiation situations. This may be due to the occurrence of oxidation reaction. It is validated through the decrease in alcohol (OH) free group in gamma/electron beam irradiated blends.
Conclusions
The gamma irradiated SiR-EPDM blend is found to have improved electrical properties (volume resistivity and surface resistivity) along with the reduced elongation, improved tensile strength and hardness. The elongation at break of electron beam and gamma irradiated SiR-EPDM blend has been reduced for 25 Mrad dose. But the elongation at break value is found to be greater than 50% their absolute elongation. For a same dose of 25 Mrad, gamma irradiated SiR-EPDM blend is showing a better performance when compared with the electron beam irradiated one. J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 7 ( 2 0 1 4 ) 3 6 3 e3 7 0
